Electrorotation measurements were used to demonstrate that the dielectric properties of the metastatic human breast cancer cell line MDA231 were significantly different from those of erythrocytes and T lymphocytes. These dielectric differences were exploited to separate the cancer cells from normal blood cells by appropriately balancing the hydrodynamic and dielectrophoretic forces acting on the cells within a dielectric affinity column containing a microelectrode array. The operational criteria for successful particle separation in such a column are analyzed and our findings indicate that the dielectric affinity technique may prove useful in a wide variety of cell separation and characterization applications.
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Cell separation has numerous applications in medicine, biotechnology, and research and in environmental settings. For example, the use of autologous bone marrow transplants in the remediation of advanced cancers requires the removal of cancer cells from the patient's marrow (1) , the study of signaling between blood cells requires purified cell subpopulations (2) , and the purification of contaminated water supplies necessitates elimination of parasites such as Giardia and Cryptosporidium (3, 4) . Current sorting technologies usually exploit differences in cell density, immunologic targets, or receptor-ligand interactions. These techniques are often inadequate, producing insufficiently pure cell populations, being too slow, or being too limited in the spectrum of target cells. Identification of novel properties by which different cell types may be discerned and of new ways for their selective manipulation are clearly fundamental components for improving sorting methodologies.
A particle suspended in a medium of different dielectric characteristics becomes electrically polarized when subjected to an alternating electrical field. Interaction between this induced polarization and the field gives rise to various electrokinetic effects. For example, a spatially inhomogeneous field will exert a lateral dielectrophoretic (DEP) force on the particle, directing it toward the minimum of dielectric potential (5) (6) (7) (8) (9) , while a rotating field will induce particle electrorotation (ROT; refs. [10] [11] [12] . The frequency dependencies of the magnitude and direction of these forces are functions of the intrinsic electrical properties of the particle that depend on the particle constitution and structural organization (13) (14) (15) . For living cells, these characteristics are defined by composition, morphology, and phenotype (16, 17) . Thus, DEP and ROT have been used to study bacteria (18) , yeasts (11, 19) , plant cells (10) , and mammalian cells (20, 21) and to investigate cellular alterations accompanying physiological changes such as mitotic stimulation (16) and induced differentiation (7, 17, 21) .
Cells possessing dissimilar dielectric properties experience different DEP forces, suggesting two approaches by which cells might be separated-namely DEP migration and retention. In the first method, different cell types would be caused to experience forces in opposite directions by judicious choice of the applied field and suspending medium characteristics, as demonstrated on a microscopic scale (8, 22, 23 (27) . Next, an aliquot of cell suspension was sealed into the electrode chamber and cells settled for 30 sec onto the glass substrate of a polynomial electrode (21, 28) . ROT spectra were measured by timing rotation rates of individual cells located between the four Abbreviations: DEP, dielectrophoretic; ROT, electrorotation. tTo whom reprint requests should be addressed.
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electrode poles. A rotating field between 10 kHz and 100 MHz was established by applying sinusoidal waves (1 V rms) in phase quadrature to the electrode array ( Fig. 1 ) from a custom-built signal generator (29) .
Separation Procedure. The chamber was constructed of a glass plate spaced 60 ,um above an array of interleaved gold electrodes on a glass substrate, fabricated using photolithography. The array covered an area of 17.6 mm x 55 mm and the electrode element width and spacing were 80 ,um. Fluids were injected and removed through slots at each end of the chamber. The outlet was furnished with a well to trap cells exiting the chamber. Prior to experiments, the chamber was soaked for 5 min with 20% (wt/vol) bovine serum albumin solution to render the glass surfaces less adherent to cells. Alternate electrodes were connected to sinusoidal voltages of fixed or swept frequencies, monitored with an oscilloscope. Laminar flow of an eluate buffer was controlled by digital syringe pumps connected in push-pull configuration between inlet and outlet slots. A bubble-free fluid path was maintained at all times.
Mixtures of MDA231 breast cancer cells and blood were used to test the separation chamber. These were washed twice in isotonic 8.5% sucrose plus 0.3% dextrose, resuspended at a final concentration of 1 x 107 malignant cells and 3 x 107 normal blood cells per ml in this same medium, and adjusted to a conductivity of 10 mS/m with hemisodium EDTA. Following injection of '30 ,ul These measurements demonstrated significant differences between the dielectric properties of MDA231 cells, erythrocytes, and T lymphocytes. To quantify these differences we optimized the parameters of the single-shell dielectric model (19, 20, 30) to fit the measured ROT spectrum for each cell as described previously (17) . The derived parameters, with standard deviations, are given in Table 1 . Using these dielectric parameters, we then applied the single shell model to calculate the expected frequency dependency of the DEP forces under our separation conditions. As shown in Fig. 2B Specific membrane capacitance Cspecific and the internal conductivity 0Cint and permittivity Sint of the single-shell dielectric model were determined for individual cells from parameter optimization of ROT spectra over the frequency range 10 kHz to 100 MHz. The results are means ± standard deviations for 20 cells. Membrane conductance values derived from the analysis were so small that they did not contribute significantly to the measured ROT and DEP responses and could not be determined accurately (27) .
released, eluted, and collected in the chamber outlet well. All tumor cells remained on the electrode tips under the DEP force and none could be detected in stained slides of the eluted fraction; typically, such slides contained -10,000 cells. Some blood cells were retained in the chamber due to entrapment within rafts of tumor cells; however, the ratio of blood cells to tumor cells fell to about 1:1. (ii) Maximal purification of tumor cells was accomplished (Fig. 3) by repetitively sweeping the applied field (twice per second) from 80 to 20 kHz during cell release. This shook loose entrapped blood cells by reducing the packing density of the collected cells. Blood cells then became levitated from electrode surfaces and were eluted.
The sequence of cell separation is shown in Fig. 3 . After collection at 200 kHz (Fig. 3A) the swept signal was applied. Blood cells became focused into bands that flowed between the electrode tips (Fig. 3B) , leaving the cancer cells behind (Fig. 3C) . Toward the chamber outlet, only blood cells moved in focused bands (Fig. 3D) . Twelve minutes after application of the swept signal, the cell distribution on the electrodes was examined (Fig. 4) . With increasing distance from the inlet, the ratio of erythrocytes to MDA231 cells increased from 1:15 to 1:1 and remained at that value where the chamber had been initially loaded with cells. Thereafter, the proportion of erythrocytes rapidly increased, reaching in excess of 99% at the outlet. After 20 min, retained tumor cell fractions were >95% pure. 
DISCUSSION
Dielectric Properties of Cells. Cell DEP and ROT behaviors have been interpreted in terms of increasing penetration of the applied electrical field through the plasma membrane with increasing frequency (11, 17, 31, 32) . Thus, DEP and ROT responses below 1 MHz are dominated by dielectric properties of the plasma membrane. As shown in Fig. 2 , significant differences exist between the electrokinetic behaviors of MDA231, lymphocytes, and erythrocytes in this frequency range, indicating that the membrane dielectric properties differ between these cells. This is confirmed by the derived membrane-specific capacitances (Table 1) .
Specific capacitance of the plasma membrane reflects membrane morphological features, including microvilli, membrane folds, and blebbing (12, 16, 17) . Thus, the large differences between MDA231 cells, lymphocytes, and erythrocytes found here almost certainly arise from membrane morphological differences. Because separation depended upon dielectric differences between cell types at low frequencies, it exploited such cell surface physical characteristics as a sorting criterion.
Cell viability was not seriously affected by DEP sorting, as judged by trypan blue and cell growth experiments. This is not surprising since cells have been reported to remain viable even following electrical manipulations such as electroporation and electrofusion that typically operate at induced pulsed membrane potentials in excess of 0.5 V (33, 34) . Our field strengths induced sinusoidal membrane potentials of <0.2 V.
Separation Mechanics. Our technique balances hydrodynamic forces from a laminar-flow profile against DEP forces. Cells experienced forces from gravity, dielectrophoresis, fluid drag, and hydrodynamic lift effects (Fig. 5) . The DEP force acting on a cell of radius r is given by (6) (7) (8) (9) FDEP = 4wrr3EmaV2(kXa-X + kyay), where q = dynamic viscosity of the eluate, vp = cell velocity, c = 1.7. vm is the fluid velocity at the cell center and follows a parabolic profile x( x) V. = 6Wv J [3] where (v) = mean velocity of eluate, w = top to bottom wall spacing, and x = distance from the chamber bottom. The lift force experienced by a cell a small distance x -r above the chamber wall (36) is given by FL,Fr (0.153r3 ) dxvm 71(x-r) dx [4] The nature of this force remains in question although detailed theoretical analyses of inertial lift effects and shear-induced diffusion have been given (36) (37) (38) .
The separation chamber operated under conditions where the maximum DEP force FDEP for one cell type (radius ri) prevailed against the horizontal drag FHORIZ and the hydrodynamic lift FLIFT, causing this cell type to be retained on the electrode tips while others (radius r2) were eluted. Thus, the chamber had selective dielectric affinity for one cell type. Combining Eqs. 1-3, we derive the condition for separation to occur:
(v2 where ,3 = 36wcq/wsm is a constant for a given chamber and eluate. The left-and right-hand terms define the properties of the different cell types, while the center term reflects the competition between the fluid flow rate (v) and the DEP forces due to the applied voltage V. Eq. 5 assumes cells were initially stationary at the chamber bottom. Good separation can be obtained if the product of the cell radii and dielectric polarizabilities are sufficiently different and the ratio of fluid velocity to the square of the applied voltage is within the specified range.
To compare Eq. 5 with our observations, we used the charge density method (8) to calculate the field distribution for our electrode using a FORTRAN program running on a Cray YMP computer; ky was found to have the value 1.8 x 1012 per m3.
For our mean flow rate of 95 ,um/sec and applied peak-peak voltage of 5 V, Eq. 5 predicts that cells of radius 5 ,um and a polarizability in excess of 0.27 should be dielectrophoretically retained, while cells of smaller polarizability or radius should be eluted. Fig. 2B shows that MDA231 cells and erythrocytes had mean polarizabilities at 80 kHz of 0.7 and -0.1, respectively. Combining these values with ky, we found the DEP force on MDA231 cells was strongly attractive and exceeded FHORIZ [1] where sm = dielectric permittivity of the eluate; V = peakpeak electrode voltage, and a is the real part of the ClausiusMossotti factor (6-9) expressing the effective polarizability of the cell in the eluate. Depending on the polarity of a, the DEP force directs cells toward either strong or weak field regions.
kx and ky are the maximum vertical and horizontal components, respectively, of the field nonuniformity factor VErms (5) (6) (7) (8) (9) for an applied 1-V peak-peak voltage. These depend on the electrode geometry and become larger when a cell is closer to an electrode tip (8, 21, 22) .
The horizontal drag due to fluid motion on a cell in contact with a wall is given (35) Cell Biology: Becker et al. [5] [21 by a factor of 4, accounting for their collection. By contrast, the force on erythrocytes was repulsive, explaining why they were focused into bands that flowed in the low-field regions of the electrode array.
The swept-frequency protocol was designed to release blood cells entrapped within masses of tumor cells by obstruction and DEP cell-cell interactions (39) . By lowering the frequency to 20 kHz, just above the mean crossover frequency for MDA231 cells, the packing of cells at the electrode tips and the strength of cell-cell interactions were lessened. Furthermore, the repulsive DEP force on blood cells was increased. The combined effect was to facilitate the release of erythrocytes. Collected MDA231 cells could have become dislodged under these conditions, and sweeps back to 80 kHz repacked them and minimized their probability of release.
Our technique has some similarities to field-flow fractionation in which FG and FLIF-r are balanced and particles equilibrate at characteristic positions within a flow profile and elute at different rates. However, it differs in that the DEP force is sufficient to immobilize particles and retain them indefinitely, providing for almost perfect separation. Our method not only utilizes differences in particle sizes and densities as sorting criteria but also, and more importantly, exploits their differential dielectric properties. A hybrid technology of dielectric affinity and field-flow fractionation may be applicable to a wide variety of separation problems.
Our prototype column sorted cells at a rate of about 103 per sec; larger devices could increase this rate by 2 orders of magnitude, much faster than fluorescent-activated and other refined sorters. Furthermore, our technique is noninvasive and does not depend on antibodies or cell surface antigens, making it attractive for separating leukocyte subpopulations without possible problems of cell activation.
Finally, differential DEP migration has been used to separate viable from nonviable yeast (8, 40) , erythrocytes from bacteria (8), erythrocytes from erythroleukemia cells (22) , and Gram-positive from Gram-negative bacteria (23) over distances of the order 100 ,um. We believe, therefore, that the technique of differential dielectric affinity described here has important implications for a wide range of separation problems and represents a powerful tool for discriminating between cell populations of fundamental research and clinical interest.
